Abstract
Introduction

23
Human influence has notably altered the complex natural nitrogen (N) cycle. Over the course of the 24 last century, the widespread use of Haber-Bosch synthesis significantly increased the amount of fixed 25 nitrogen available for human use, mainly as fertilizer for food production. However, nitrogen is not 26 only necessary and beneficial, but also has problematic effects on the environment and human 27 health (see e.g. Erisman et al. (2013) 
and van Grinsven et al. (2013) for recent overviews). 28
Nitrogen budgets are tools to quantify and trace both natural and human-induced flows of nitrogen 29 through a variety of systems, e.g. on global, regional or national scope, for economic sectors, single 30 farms, households or watersheds (Leip et al. 2011b ; UN ECE 2013). Anthropogenic flows are to a 31 large extent connected to agricultural production and trade of food and feed, and fuel combustion. 32
These human-induced flows have been estimated to be in the same order of magnitude as natural 33 flows with the prospect of further increase. E.g., Galloway et al. (2004) assume that global 34
anthropogenic N creation will be increasing from 156 Tg N a -1 in the early 1990s to 267 Tg N a -1 in 35 2050, while total natural creation is to decrease from 233 Tg N a -1 to 224 Tg N a -1 in the same period. 36
Consequently, many existing national nitrogen budgets focus on these agricultural and energy-37 related aspects, e.g. van Egmond et al. (2002) for Europe, Olsthoorn and Fong (1998) to address nitrogen pollution, these measures would also be beneficial to other environmentally 46 relevant issues, such as energy consumption, land use or greenhouse gas emissions (Stehfest et al. 47 2013) . 48 Against this background, we aim to systematically identify relevant N flows caused and influenced by 75 consumers in order to trace pathways of N in a more complete way. Based on the principles of 76 substance flow analysis, we provide quantitative estimates on the magnitude of these flows, using 77 Austria as an example. Ultimately, this can serve to inform policy decisions and provide a better 78 knowledge base on whether the current focus on food and agriculture is justified, or whether an 79 extended perspective is needed (Leip et al. 2011a) . 80 given based on available timelines from material flow accounting in Austria (Petrovic 2014) . 86
Materials and Methods
In contrast to life cycle or footprint analysis, where all flows along the entire lifetime of a product or 87 good are considered, in this analysis only the nitrogen that is directly contained in the respective 88 item is covered. This is among others due to the broad scope of the study. However, it is of relevance 89 to compare the results with the total impacts related to a product as given for instance by nitrogen 90 footprints (e.g. Pierer et al. 2014) . 91
Commonly with nitrogen budgets, the system under analysis is separated into different 92 compartments or pools. For national nitrogen budgets (NNB), the UN ECE (2013) recommends to 93 distinguish eight pools: energy and fuels; material and products in industry; humans and settlements; 94 agriculture; forest and semi-natural vegetation including soils; waste; atmosphere; hydrosphere. 95
Instead of providing such a "traditional" complete nitrogen budget (Leip et al. 2011b ; UN ECE 2013), 96
we zoom in and focus on the consumer part, which largely corresponds to the pool "humans and 97 settlements". This includes first of all food (diets & food waste) and material products available for 98 consumption that accumulate in the consumer sphere or are disposed of (synthetic polymers for 99 product use, detergents, textiles, wearing apparel & leather, wood & paper products, tobacco). 100
Furthermore, nitrogen flows related to animals not covered in agricultural statistics are also included 101 (i.e. "standard" pets such as cats, dogs, small mammals etc., but also non-agricultural pleasure riding 102 horses). Finally, as an integral part of human settlements and in accordance with UN ECE (2013), 103 private gardens and public green areas are also considered in this study. In all these cases, 104 consumption patterns are the central driving forces for the surrounding activities. Thus it proved 105 useful to extend the analysis towards energy and fuels in order to cover the full range of nitrogen 106 related to consumers (even as, being covered by energy statistics, this aspect is considered 107 separately by UN ECE 2013). 108
Nitrogen flows (in particular the release to air, soil and water) related directly to agricultural or 109 industrial production of goods and services, atmospheric deposition etc. are not included in this 110 study. Furthermore, we do not trace pathways of N flows outside the core consumer sphere, i.e. in 111 this analysis the flows end at the stage of waste management, the hydrosphere, or the atmosphere. 112
In the context of a complete national nitrogen budget, these upstream flows would be covered by 113 the respective pools (i.e., agriculture, material and products in industry, waste management etc.). 114
The consumption of services might also cause some N flows, mainly related to energy use. However, 115 this aspect cannot be separated conceptually, and is implicitly included in household energy use. 116
We consider annual flows that account for more than 100 g N per inhabitant (thus about 850 t N for 117 Austria in total) as relevant for a NNB. For this quantification, we also scrutinized and accounted for 118 and nitrogen contents, which allowed us to identify the most relevant flows. This was done in an 124 iterative process, i.e. some flows that were included at first were then removed because of 125 insignificance, such as nitrate in drinking water, pharmaceuticals, metals and ceramic products. 126
Others that did not seem relevant at first sight were included. This particularly applies to wood and 127 paper products, which contain N only in very small percentages, but become relevant due to the 128 large amounts of products consumed. Ideally in this system, inflows correspond to outflows plus 129 possible changes in stocks. While balance differences (i.e., differences between inflows and outflows) 130 of 10% are considered commonly acceptable and insignificant for the conclusions (Brunner and 131
Rechberger 2004), larger differences might indicate missing flows or stock changes. 132
Data basis & determination of N flows
133
To determine the N flows, primarily appropriate statistics as well as scientific literature was used. 134
Sometimes these sources had to be complemented with assumptions. Table A1 of the appendix  135 provides an overview on the data sources, and Table A2 shows the N contents used. waste", also the fraction "biogenic waste" has been assigned to food waste. By contrast, green waste 144 has been included in "green waste and garden waste". Furthermore, it has been estimated that an 145 additional 1.5 million tonnes of material is potentially available for private composting 146 (Umweltbundesamt 2012). This material consists of biodegradable kitchen waste, plant residues and 147 biogenic waste from private gardens. As no indication on its composition is given, 50% have been 148 assigned to green waste, and 50% to food waste. To determine N flows for all food-related waste, the 149 average N content of all food products supplied in 2010 was used (0.84%). 150
Assuming that adults do not accumulate significant amounts of N in their body, most of the N that is 151 consumed as food needs to be excreted as well. This is either excrements going to the sewage 152 system or directly to the hydrosphere for households that are not connected to the sewage system 153 (about 6.1% of all households in Austria, BMLFUW 2012). The total incoming nitrogen load to 154 municipal sewage treatment plants is reported regularly (BMLFUW 2012). Sutton et al. (2000) also 155 quantified the amount of N released due to sweating and breathing in the form of NH 3 , which is 156 specifically taken into consideration here. Population dynamics, i.e. children who still accumulate 157 some N in their body mass, as well as the net change in population based on births, deaths and 158 migration are not included in the analysis as these are natural processes not directly connected to 159 consumption patterns, and are negligible in their N flows. 160
Pet food and pet waste is determined based on estimations on the number of pets in Austria 161 (FEDIAF 2010), and protein requirements as given in feeding recommendations (Table A1 ). There is 162 no specific information available on the extent to which feeding recommendations are followed. 163
Overfeeding of pets as well as wastage of pet food might occur, but these aspects are taken into 164 account via the uncertainty assessment. Animals considered are dogs, cats, ornamental birds, 165 aquarium fish, small mammals, and pleasure riding horses. As no data on pet excretion is available, 166 pet excretion and waste was set equal to inflows in the form of pet food, assuming that no significant 167 accumulation of N occurs in the pets' bodies. 168
Egle et al. (2014) estimate that in Austria about 1-3% of total mineral fertilizer use is dedicated to 169 private gardens and public green spaces, while the rest is consumed by agriculture. They also assume 170 that 20% of the available compost is applied as fertilizer in gardens. Average production of compost 171 amounts to roughly 700 000 t, and total N contents of compost range from 0.6 to 2. (Table A2 ). Consumption of paper was determined based on industry reports (Austropapier 187 2013), as the production of paper from recycled material could not be reliably estimated with 188 production and foreign trade statistics. With regard to synthetic polymers for product use, it is very 189 challenging to identify relevant products and determine specific N contents due to the broad range 190 of products composed of many different materials. Consequently, N flows had to be estimated based 191 on industry market reports of the basic substances polyamide, polyurethane and melamine in 192
Europe, broken down into the share for Austria (Table A3) . food supply and wood & paper products, as described above). Furthermore, most in-and outflows 214 could be determined independently from each other, with the exception of pets, where excretion 215 was set equal to food supply. This procedure allows largely independent validation of the results. 216
However, uncertainty assessment is needed in order to estimate the range of variation of the flows. 217
As elaborate stochastic modelling and statistical analysis is not applicable to the available data, 218 uncertainty levels are being used to allow at least indicative quantification. In analogy to Hedbrant 219 and Sörme (2001), we assigned the data to a set of four uncertainty levels and the respective 220 uncertainty factors (UF, see 
Results and Discussion
228
The main directly consumer-related N flows that have been quantified in this study for Austria in 229 2010 are summarized in Table 2 . Total inflows of N to the consumer sphere amount to 126 713 t N 230 (with uncertainty estimates ranging from 99 000 to 171 000 t N), and consist of food supply (52%), 231 material products (28%), N application in gardens (12%) and in pet food (7%, differences in total due 232 to rounding). Total outflows amount to 92 789 t N (with uncertainty estimates ranging from 64 000 233 to 138 000 t N), 54% of which are attributed to human excretion and 13% to food waste. Also garden 234 waste (16%), material waste (7%) and waste from pets (10%) contribute, with the latter estimated 235 just from the inflows of pet food consumed. Considering the sum of all flows, there are more inflows 236 than outflows accounted for. Overall, the balance difference (surplus) of 33 924 t N corresponds to 237 27% of total inflows. As discussed in more detail below, this difference is assumed to be caused by 238 flows that might have been missed in the analysis (mainly material products, but also human body 239 excretion), or by accumulation of N in the form of durable consumer goods. Energy is not included in 240 the balance calculation, but with roughly 30 000 t N a -1 constitutes a significant amount of reactive N 241 that is emitted to the atmosphere. 242
The following flows turned out to be likely irrelevant: (i) Products from semi-natural vegetation, such 243 as cut flowers; these could not be quantified separately due to data problems, but in a full NNB, at 244 least their fertilization would be accounted for within the compartment of agriculture; (ii) metal and 245 ceramic products, which typically contain very little N (N<0. human excretion with the amount of N from food that is available for consumption (i.e., food supply 295 minus food waste, 54 233 t N) shows that roughly 4000 t N of outflows are "missing". This 296 corresponds to 7% of the inflows and seems to be an acceptable discrepancy. A possible explanation 297 for this balance difference could be detected on the side of the inflows: It is conceivable that the 298 amounts of food waste are underestimated, as food waste is very difficult to capture statistically. 299
Higher amounts of food waste would reduce the amount of food available for consumption and 300 consequently shrink the gap between food consumption and human excretion. 301
Material Products. The main area of balance differences is non-food industrial products: Inflows of 302 material products amount to 35 518 t N, but material waste is only 6046 t N, which gives a mismatch 303 of 29 472 t N (or 83% of inflows). Thus, the amount of N in material waste from waste statistics 304 covers only roughly 17% of estimated material inflows, which is considerably less than the 75% 305 assumed by Gu et al. (2013) . Uncertainties related to this estimate are high, but cannot fully account 306 for the detected difference, as the covered total waste streams are smaller than any one of the three 307 main material classes covered as inflows. This indicates that besides stock changes (i.e., accumulation 308 of material products in human settlements), there must exist residual waste streams which are not 309 covered by the method applied. Residual waste streams are likely to include waste that is not 310 accounted for in the waste statistics and/or not directly assigned to households, e.g. end-of-life 311 vehicles which contain synthetic polymers, the N content of which cannot be estimated reliably on 312 the waste side. Furthermore, there might be a certain fraction of material products that have been 313 incorrectly assigned as inflows to households rather than industry, and the respective outflows 314 would have to be found in statistics on industrial waste (e.g., polymers that are used for the 315 construction of manufacturing machines rather than consumer goods). Statistical information that 316 clearly distinguishes between material use by households and industries is scarce. However, 317 additional data collection endeavors at this level of detail will be useful only if the information gained 318 can also be used for other purposes besides N budgets. For many (scientific) questions, the existing 319 material flow accounting may be sufficient (Fischer-Kowalski et al. 2011). 320
With regard to the inflows of material products, our results translate to 4.2 kg N cap -1 a -1 (ranging 321 between 2.8 and 6.7 kg). This corresponds well with Obernosterer and Reiner (2003) , who used a 322 different approach but estimated N flows of between 3.7 and 6 kg N cap -1 a -1 for durable consumer 323 goods such as furnishing and 0.6-1 kg N cap -1 a -1 for non-durable consumable goods such as 324 packaging and detergents. 325
Pets. N inflows as pet food have been assumed as a separate flow quantified based on protein 326 requirements and feeding recommendations. It might be argued that pet food partly stems from 327 human food (or human food waste), which would reduce the N food supply and thus lower the 328 amount of total inflows for the balance. However this problem can be neglected, as the amount of N 329 from pet food is in the same order of magnitude as the margins of uncertainty for food supply. Waste 330 and excretion from pets could not be quantified independently, and was set to match with pet food 331 supply. 332
Within the sphere of private gardens and public green spaces, the independently determined 333 outflows (i.e., green waste and garden waste based on waste statistics) do match well with the 334 inflows (i.e., mineral fertilizer and compost). A potentially missing outflow, however, is food 335 harvested from private gardens, which cannot be included due to lacking data, and is assumed to be 336
small. 337
Temporal trend. 
